INTRODUCTION
"Waste is worse than loss. The time is coming when every person who lays claim to ability will keep the question of waste before him constantly. The scope of thrift is limitless." -Thomas Edison Solid waste from building construction and demolition activities is increasing every day, causing landfills around the world to reach their capacity. Adverse impacts of the deconstruction and demolition activities on the environment necessitates thinking about novel ways of reusing building materials in new construction (CIB 2002) . Literature suggests that construction and demolition activities are the primary sources of solid waste worldwide. For example, demolition waste in England alone was estimated at 91 million tons in 2003 (Osmani 2008 ) and construction and demolition waste in the United States constitute about 40% of the total solid waste stream (USGBC 2003 ). An increasing body of knowledge regarding waste management and waste diversion from construction sites already exists, but almost no scholarship focuses on the role of the architect in reducing waste. Traditionally, the architect's primary focus has been on construction, with little thought devoted to un-building and deconstruction (Falk and Guy 2007) . When looking today at the building and construction industry, it is striking to realize the enormous amount of waste being generated. The questions that arise for this problem are: what is the role of architects in improving waste prevention and reduction through design? How can salvage and reclaimed building materials be seamlessly integrated into new construction? What kind of information do we need to know? How can we evaluate and select reclaimed materials? What is the project delivery process?
The emerging building material reuse vendors and deconstruction contractors industry in the United States are faced with significant challenges from the absence of a "system" to streamline their business processes, establish a supply and demand chain, and connect them with designers and architects. Nevertheless, additional obstacles such as quantities required, storage, scheduling, and recertification add more pressure on this industry to get it off the ground. Successful case studies of materials reuse in building projects remain experimental, non-systematic, and widely differ from one to the other in incorporating building material reuse. Due to the scarce examples in the US, generalization of workflow and processes become a challenge. One recent successful example is the Big Dig House in Lexington, Massachusetts, as shown in Fig. 1 . Designed by the architectural firm Single Speed Design, the house is a showcase for successful incorporation of steel beams and concrete slabs that were salvaged from the Big Dig project in Boston (Fettig et al. 2006) . The processes of designing and implementing reused materials were unique and distinct due to numerous factors. For example, the owner of the house being a contractor on the Big Dig Project was instrumental in identifying the materials and securing the required quantity for the design team to work with.
STATEMENT OF THE PROBLEM
"Architects must begin to think about holes in the ground and about flows of materials." Wasting Away, Kevin Lynch (Lynch and Southworth 1990) In their book Superuse: Constructing New Architecture by Shortcutting Material Flows, Netherland based architects 2012 Architecten (now renamed to Superuse Studios) imagined a holistic design scenario. Although it may seem unrealistic, it reflects much of the hypothesis that drives this research study. The scenario goes as follows:
Imagine that on the fringe of an industrial area they are demolishing an old rusty chemical plant. Huge steel tanks and pipes are cut into pieces and hoisted onto trailers to be brought to a scrap yard. There the metal is shredded into small fragments and loaded into trucks that transport the scrap to a steel factory a thousand miles away. They are fed into a blast furnace to be turned into blocks of raw material. They are rolled into sheets, which are formed into cylindrical shapes and transported to a building site which is all the way back, just a few miles from the place where the factory used to be. There they are carefully welded together to become part of the structure of a spectacular dance hall that the architect designed with curved steel walls. Their dimensions are similar to the ones of the tanks they stem from. A lot of effort and energy could have been saved if the design of that cool dance hall had included Superuse. (Hinte, Peeren, and Jongert 2007) From this scenario, we can identify two approaches that deal with building materials: the conventional approach and the unconventional one. In his book, Building with Reclaimed Components and Materials, Bill Addis highlighted these two distinct approaches by clarifying two opposing design methodologies: the "normal design" and "design with reclaimed products and materials." He stated, "The design and procurement process for using reclaimed goods and recycled materials is entirely different from standard building practice. The world of reclamation, reuse, and recycling is like a parallel universe that is virtually invisible to those familiar only with new building materials and components." (Addis 2006) . Similarly, Taeke De Jong, a professor of ecology at the University of Technology in Delft, defined these two methodologies as "meansoriented design" and "goal-oriented design." The goal-oriented design is the conventional method where the goal (or building design in this case) is defined, and every decision serves to reach that goal. It is not until the design development phase that suitable materials will be sourced and purchased. The means-oriented design, on the other hand, is a process started by the means (or materials) available with a less strictly defined end goal. It is necessary to first source and acquires the materials before the design has reached the detailed stage. This process becomes more complicated due to its experimental nature and the potential failure in both sourcing materials and detailing the project. There must be time left for adjustments and changes throughout the entire process. De Jong stated that the process is never entirely one or the other, but that it is a matter of emphasis and that in architecture, a more heavily meansoriented design would be a refreshing approach.
Selecting and specifying materials and components for an architectural project is one of the most important and critical tasks of a design team. A building can be carbon neutral, energy efficient, or solar powered, but it will certainly be constructed with materials and components. These materials are usually extracted from raw resources, and through this process, they often leave a negative impact on the environment. The life cycle of most building materials and components are often longer than the life of the buildings themselves. Therefore, after demolition these materials and components end up in landfills. Some materials such as steel can be recycled by melting and reforming, but this ultimately consumes a substantial amount of energy, which could cost more than reusing the already extruded steel (Fletcher, Popovic, and Plank 2002) .
Literature suggests that there is a growing interest in materials and resources conservation in the United States, especially with the growth of the green building practices (Saleh 2009 ). The United States Green Building Council (USGBC) identified six categories in the Materials and Resources (MR) section of the Leadership in Energy and Environmental Design rating system (LEED). One of the six categories is Resource Reuse (RR). Interestingly enough, a recent study focused on the cost of green buildings by Davis Langdon indicated that resource reuse is the credit least often achieved in the LEED rating system (Morris and Matthiessen 2007) . According to recent studies, there are numerous constraints and barriers to resource reuse, generally due to the complexity of buildings, but perhaps the most important one is the lack of easily accessible information to the design team on resource reuse (Knecht 2004) . One of the primary objectives of our study is first to capture the expert knowledge related to the process of reusing building materials and second, to build a Decision Support Framework (DSF) to assist the design team in considering, identifying, evaluating, and specifying reclaimed building materials and components in new construction.
Since the involvement of multiple stakeholders is essential to the success of the decision-making process, the decision support framework must view the decision as a "group decision-making" that involves potentially competing entities. This DSF would also address the environmental, economic, social, and cultural factors that are critical in making decisions and weighing them against those of conventional new building materials and components decisions. The DSF would include the following: 1) Identifying all possible significant constraints and barriers when using reclaimed building materials and components in new construction, 2) Developing a response to these limitations and obstacles, 3) Identifying all possible performance measures to the DSF, and 4) Applying decisionmodeling knowledge and systematic procedures.
Fundamental Distinction Between Recycle and Reuse
The work presented in this paper establishes the distinction between reuse and recycle that would structure the proposed paradigm shift in the traditional project delivery process. Recycling involves the processing of material waste in making new materials. That waste is considered to be part of the ingredients of making new materials which include recycled contents, and by allowing it to be part of the ingredients, two benefits might be achieved: first, the diversion of harmful waste from the solid waste stream, and second, the reduction in demand for virgin resources. There are currently four methods of legislation for recycling: minimum recycled content mandates, utilization rates, procurement policies, and recycled product labeling. As a result, manufacturers have to provide all pertinent data for these materials in a fashion that is similar to that of the non-recycled materials.
By recycling, the final product contains a percentage of what used to be called waste and that proportion and all other information related to the characteristics of this product are known to the architect. This data is widely accessible and ready to be specified for new construction similar to any other conventional materials. The recycled materials are cataloged with a standard set of data available, just like any standard construction product. In contrast, resource reuse and reclaimed materials require unique and specialized data and information that is customized for the source, quantity, and destination of the material. This information is highly dynamic and constantly changing. Currently, the management of the supply chain for reused material does not easily support the acquisition of this information, which inhibits the implementation of reuse integration. The fact that there has been no legislation on resources reuse similar to those on recycling adds to the complexity of the issue.
Design Process and Process Design
Modeling a proposed and structured design process requires a thorough understanding of the difference between design process and process design. A typical design process might be described as a sequence of events that has a starting point and an ending point. The process is often investigative and sometimes circular, as new information becomes available. Design, in general usually begins with a precise definition of the problem but decisions concerning taste, choice, and sensitivity often rely on human value judgments. In architectural design, however, two forms of design processes are apparent: emergent processes as a result of forces and patterns, and constructed processes as an outcome of concepts (Plowright 2014) . In contrast to a design process, a process design (or the design of a "process") refers to the planning and structuring of the routine steps of a process apart from the expected result. In process design, processes are treated as a product of design, not a method of design. The term "process design" originated from the industrial designing of chemical processes and with the increasing complexities of the information age, consultants and executives have found the term useful to describe the design of business, as well as manufacturing, processes (Korber 2002) . According to William Miller, design is defined as "the thought process comprising the creation of an entity, and it consists of many smaller processes" (Miller 2004 ). Sub-design processes are described as detailed, smaller processes that are linked in a network of precedent relationships. Model formation, as defined by Friedman, can thus be divided into two parts: a decision model, which is a structure of data elements and mathematical relationships, and an information model that in our case could be the Building Information Modeling (BIM) database, which includes the parameters for the decision model (Friedman 2003) . Like many other creative activities, the overall design process is linked to a path that is not always straight, and in fact is likely to include investigative subdesign processes. Some designers call this a "spiral" process because it has both a forward direction and a tendency for self-questioning along the way to ensure that it is going in the right direction. Literature suggests that there are five types of the architectural design processes known as follows:
• Linear: "Design process is a continuing sequence of basic linear steps" (Reekie 1972) • Divisional: "Design process includes choosing the best solution out of several options of design solutions" (Jones 1992) • Centralized: "There are no steps in the design process, everything is happening at the same time" (Lawson 2006) • Cyclical: "Design process is a series of endless repetitive cycles" (Snyder 1970) •Investigative: "Each step in the design process is based on a selective investigation process on options for ideas and solutions" (Kalay 1987) Any of the above design processes occur within the established project delivery methods known to the practice. The current trend is to move toward an Integrated Project Delivery method (IPD), however, the traditional Design-Bid-Build (DBB) process is still widely accepted as the industry standard and therefore this study was built modeling the DBB but acknowledging the shift towards IPD. In the next section, an explanation of the workflow of the traditional Design-Bid-Build method, followed by an attempt to model both the current workflow and the proposed resource based workflow, are presented.
Building Materials Reuse and BIM
Building Information Modeling (BIM) is the latest shift in the design and documentation methodology in the design and construction industry (Krygiel and Nies 2008) . BIM is a single database that combines selected information related to a building from conceptual design to occupancy. There are many advantages to having one database that contains all information about the building's life cycle. Perhaps the most appealing advantages to the design team are the ability to efficiently coordinate design and construction documents, which greatly contribute to the reduction of information loss in traditional document management systems, and the ability to integrate with building product manufacturers and exchange product and materials information, which is the core of this study. BIM systems include, for instance, geometry, spatial relationships, light analysis, geographic information, quantities, and properties of building components (for example, manufacturers' details). BIM is anticipated to accommodate information from different project stakeholders added to the database throughout the building life cycle. Studies suggested that the building's end-of-life scenarios are often neglected from the current BIM practices (Akinade et al. 2017 ).
The proposed design scenario is envisioned as follows: An architect designs a new building while utilizing BIM. The proposed building is "dissected" as a process in BIM and an inventory of the building components is generated. This component inventory is archived for future reference and is used as input to the decision-support process. Concurrently, other buildings nearby or within (harvesting map) proximity either have been or are in the process of being de-constructed. An inventory of the available components from these de-constructed buildings is generated including essential information of the necessary decisionmaking attributes along with similar information from manufacturer reused product and salvaged warehouse stores and vendors. A home for all of the above information is called a "Virtual Repository" which is an online global library of reclaimed and salvaged building materials and components linked to all available physical repositories (reclaimed materials warehouses and stores) and constantly updated with available materials and all necessary information the design team needs for the design process. A simple representation of the process workflow can be seen in Figure 2 . In the future, the previously mentioned BIM inventory from today's design will be activated when the building is de-constructed to provide an efficient mechanism for inventorying salvaged components. For the proposed new design, each component in the proposed building is compared with components in the virtual repository. Here comparisons are processed through the decisionsupport structure using the decision-making attributes. These attributes include but are not limited to assessment of age, possible fatigue and weathering of the reused component, structural integrity, history, appearance, size and dimensions, and ease of alteration. The matching process will be both direct and indirect based on the processing of the attributes. Direct matches are when a needed component, for example, a steel beam, is matched to an available component, for example, a steel beam. Indirect matching will occur when the evaluation of attributes identifies a salvaged component that may be adaptable for use as a new component (Roberts 2005) . This can be referred to as creative repurposing, such as a set of exterior wall panels that could be reused as suspended ceiling panels. In addition the decision support process evaluates and compares other decision-making factors such as purchase costs, embodied energy, and transportation distance and cost. As part of the attributes for reused components, digital information like images, as-built drawings, de-construction drawings, specs, and other visual information of the component are accessible to the design team. The result is that the architect is now better informed concerning the option to reuse deconstructed building materials and components. 
THE DESIGN-BID-BUILD PROJECT DELIVERY METHOD
In the presented study herein, the primary focus is on enhancing the most utilized project delivery method in practice, known as Design-Bid-Build (DBB). The study illustrates, using process diagrams, both the current and the proposed resource-based design workflows in detail using two different modeling languages. It was inevitably realized through the research that incorporating resource reuse decisions into the DBB requires an early integration during the programming and pre-design phases. The overall DBB traditional design process typically starts with a program, creative idea(s), and an estimated budget, and then proceeds through several levels of development. Traditionally, in practice, there exist seven phases of a typical project, starting with abstract information gathering and conceptual design and leading through to the precise construction documents, construction administration, and finally culminating in occupation (AIA 2007). The phases as described by the American Institute of Architects (AIA) are set up to help guide the project in an orderly manner from start to finish so that there is little rework required. Reviews and approvals are necessary at each phase, and although there is a linear path from concept to completion, the reality ENQUIRY | VOLUME 14 ISSUE 1 | 2017 http://www.arcc-journal.org/ of the process is investigative and circular. As previously discussed, any of the five-design process could occur within a project delivery method. But the nature of the DBB model phases requires the maintenance of an investigative approach while moving from one phase to the next. The first phase of the design process is called the pre-design or programming phase, which helps the architect collect all of the pertinent information about the project, such as program, budget, existing conditions survey, measure existing structure, and zoning code allowances for the site, on which the following design phases will be based. Deliverables are expected at the end of each phase, which become inputs to the next phase. The entire process is initiated through communication between a prospective client and an architect. At this time, the architect typically asks the client about the program or intended use of the proposed building, proposed budget for the project, location of the proposed project, and expected time frame for completion. This information represents the primary critical inputs to the pre-design or programming phase. This information is mostly quantifiable, with variables such as program, size, budget, location, and schedule. In this paper, only the mapping of the schematic design (SD) phase is discussed, as other phases of the process were documented in previous studies (Ali and Badinelli 2016) . Although the DBB workflow is well established within the design and construction industry, no attempt had been made to model it in a standard modeling language. One of the significant contributions of the study is using standard modeling language to map the established and proposed DBB workflows.
For such a system to be useful it must be integrated into the building design process and allow the design team to carefully select building materials. These materials should not only contribute to the aesthetics and structure of the design but also reduce the building's waste when demolished, making the most of the life cycles of materials. By helping designers deliver the most viable design in terms of minimum waste generation on site, the building design and construction team as well as the client and contactors may benefit from profit increase (Kibert 2007) . Other benefits include reducing the need to extract raw materials which conserves natural resources; creating employment and training opportunities; and developing local businesses that use the materials diverted from landfills and supply useful materials to building materials yards, recycling centers, and remanufacturing enterprises, creating additional jobs and community revenue as described below in detail. According to the USGBC, material and resources reduction primarily has three main benefits: Environmental, Economic, and Community.
RESEARCH METHODOLOGY
This study utilized a qualitative, grounded theory approach using an inductive mode and an intensive, open-ended and iterative process that simultaneously involved data collection, coding (data analysis), and memoing as a method for theory building (Wang and Groat 2013) . The author used a knowledge-capturing approach from a medium sample of experts (61 participants in the first phase and 18 in the following phases) involved in the areas of architectural design with resource reuse, design for disassembly, and building deconstruction. The knowledge-capturing process was conducted through a multi-phase online questionnaire, face-to-face interviews, and structured Delphi focus groups. The knowledge captured was compared to the data extracted from the literature and case studies to form a consistency check. Findings from the qualitative analysis were evaluated through a triangulation method to test the validity of the proposed design workflow. The proposed framework constituted an effort to collect, organize and present available knowledge on building materials and resource reuse in a readily usable form. The number of attributes and variables in the resourcebased design process was overwhelming, therefore, a standard mapping language was utilized to streamline a paradigm shift within the typical architectural design process. The preferred solution was therefore ultimately based on trade-offs; weighing these trade-offs in a rational and explicit method was necessary. Some inputs to this framework emerged from personal interviews, analysis of selected case studies, and online surveys, which helped in identifying the evaluative categories. Each category contained a set of variables that were considered and integrated into the framework. The proposed workflow intends to reverse the design process and the conventional approach of specifying materials to building and will assist the design team to design around available and limited resources. The design of this research was based on a multi-phase inquiry process. These phases include the following: The following section describes in detail how this framework would be built and what components would make its structure.
Building the Framework
Although the integration of building materials reuse to the DBB project delivery provides promising benefits to reduce waste in the building industry, it also adds new challenges to the already complicated design process. To better understand this study's approach to dealing with these challenges, one must first understand the components of this framework. The architectural design framework consists of a process model. The DBB process diagrams are integrated with the building material reuse workflow to form "the new process model," which is a series of activities that contains critical decision processes at every decision node. A knowledgebase that will support these critical decision processes is described in the following section.
Building a Knowledgebase
A knowledgebase is the core which supports the decision making process. A knowledgebase is defined as: " A database containing tacit knowledge (which is knowledge that is difficult to transfer to another person by means of writing it down or verbalizing it) in the form of formally coded facts and if-then-else decision rules." (Rhem 2006) A structured knowledgebase will support the critical decision processes, which form a series of activities in the new proposed process model. This knowledgebase consists of two main elements, Explicit Knowledge and Tacit Knowledge (which then can be transformed into explicit knowledge). Explicit Knowledge is knowledge that has been articulated and more often captured in the form of text, tables, diagrams, and product specification among other things. In this study, we will refer to explicit knowledge as the "computerized data and information" or "database" which in turn consists of Building Information Modeling (BIM) and the proposed Virtual Repository of Building Material Reuse (Materials Marketplace). Tacit Knowledge is the knowledge that is hard to transfer to another person by means of writing it down or verbalizing it because it resides in the minds of individuals and takes the form of insights, intuitions, and inspirations (much of the work of architects) (Rhem 2006) . It can be represented as design objectives, design concepts, and human knowledge in resource reuse and sustainability. We have to understand that the latter form of tacit knowledge is the leading resource in qualitatively structuring the building material reuse virtual repository. Fig. 3 illustrates the knowledgebase structure and the relationship among its elements and components. In the study reported herein, data and information specifically related to building material reuse were captured, identified, and organized into a framework for the building design process. Ultimately, this study would eventually lead to a computerized database, though this is beyond the scope of the current work. The database is envisioned as an external source of knowledge that will be linked to a BIM database. The inclusion of BIM as a supporting tool will help connect with the IT professionals, as this diagrammatic process model is actionable and fundamental in constructing the database. The author suggest that a national organization such as the US Materials Marketplace managed by the United States Business Council for Sustainable Development (US BCSD) should assume standards for this knowledgebase. The next section will explain the process of capturing the required knowledge through a qualitative research methodology.
KNOWLEDGE-CAPTURING PROCESS
The knowledge-capturing process of this research involved using a Delphi method in the opinion-gathering sessions. The strategy for proposing the new model was based on first modeling the current DBB project delivery method using UML diagrams. Second, to present these initial UML diagrams to the study participants as part of the opinion-gathering sessions to solicit their feedback on the existing workflow. Third, is to incorporate their feedback into a new set of detailed BPMN maps then present it to them again to confirm findings. The study participants were assigned to two focus groups that maintained anonymity, meaning that the members were individually asked the same set of questions in every round of the Delphi process, without disclosing their identities to others. Consequently, participants did not have to worry about being forced to a final outcome in the first round of the opinion gathering session. They had the opportunity in the following rounds to modify their answers in light of the responses from other participants or stick with their original opinions. Rounds of these opinion-gathering sessions were conducted until the group reached a consensus. The same set of questions was sent to other stakeholders who expressed interest in participating in the study but who could not attend the actual group sessions. After the first round of interviews, the author organized, coded, and analyzed the responses and then prepared a second round of questions which were conducted through an online survey tool. The author conducted three phases of the knowledge capturing process, as described below, including surveys, questionnaires, and interviews, as well as information on the number of participants and responses, duration of surveys, formation of the expert panels, and questions presented. Participants in the study were drawn from diverse stakeholders who had been exposed to design with reuse and were organized in seven panels as shown below in Table 1. • Phase 1: Preliminary Questionnaire ─ Pre-Conference: The first phase of the knowledge capturing process started with an initial forecasting questionnaire. Two primary goals were set for the proposed questions: one, to get general and diverse opinions from all possible building stakeholders on the research problem, and two, to solicit a focus group from the industry experts to carry forward the Delphi process. Invitations were sent to 138 prospective stakeholders who were then divided into seven panels. Each panel included a number of industry experts related to the building design and construction industry in general and building material reuse in particular. The panels were organized as follows: Academics and Researchers (20) • Phase 2a: Face-to-Face Interviews ─ Post Conference: Following the solicitation request from the preliminary forecast questionnaire, two groups of participants were identified for further data collection. The first group confirmed attendance to the BMRA biannual conference (Table 1 ) and the second group were not able to attend the conference but remained interested in participating in the study. The number of interested participants from the first group was 15. However, only nine actually participated in the face-to-face interviews. This reduction in number occurred due to scheduling conflicts and availability of individuals. However, the number of actual interviews was satisfying to the research sample. The structure of the interview sessions was designed to collect experts' opinions efficiently and to structure the findings. The knowledge capturing process was carefully planned to maximize the quality of data, and the information gathered through the use of the preliminary UML process maps.
• Phase 2b: First Round of Delphi Study ─ Post Conference: The second phase of the knowledge capturing process was composed of two steps: a) the face-to-face interview and b) the virtual modified Delphi group. This group of stakeholders couldn't attend the conference but expressed interest in participating in the Delphi study. The virtual Delphi focus group was asked to respond (through an online survey tool) to the same questions presented to the face-to-face group. The group was formed from a panel of 19 members (only 9 were able to finish the survey) and represented diverse stakeholders from the building and construction industry as follows: Architects (4) Invited participants were asked if they were interested in joining a Delphi Focus Group for further rounds of data collection and committing to further inquiries. Two panels were formed based on their interest as shown in Table 2 . The 18 members of the Delphi Focus Group represented a diverse cross section of building materials and construction stakeholders. The Delphi focus groups were combined to one expert panel where eight members were practicing architects.
The Delphi Method
The Delphi method, as illustrated in Fig. 4 , is a group decision-making technique developed in the early 1950s by Rand Corporation in California. The Delphi method seeks to achieve a consensus among group members through a series of questionnaires and data mining processes (Linstone and Turoff 1975) . This series of questionnaires is conducted in two or more rounds and provides the participants in the second round with the results of the first round so that they can alter their original assessments if they want to, or stick with their previous opinions. Because the survey is done anonymously, no member was identified by his or her opinion to the others, thereby eliminating any possibility of coercive effects of interpersonal relationships (Woudenberg 1991) .
One particular idea that reached consensus in this study of diverse stakeholders was that the design team should decide upfront if they want to implement resource reuse and come at the early stages of design development, having already identified areas of the building that they want to finish with reused materials or components, and with some notion of what type of materials they are looking for. Designers should take the main responsibility in putting reuse into the design and then recognize the need to help with the sourcing process. If the design team finds/identifies a source for salvaging, they can hire a deconstruction contractor to extract the needed materials and the materials can be stored until construction begins. The following elements were the decision model parameters identified by the focus group: availability of material in quantities, at times, and at costs necessary to meet project parameters; usefulness of materials; finish; performance; and function. The identified key stakeholders were: owner, architect, contractor, and engineer, in that order.
Standard Modeling Languages
Following several attempts to map the traditional project delivery method using bubble diagrams (known as a conventional method in architectural design), we realized that a standard modeling language was essential to map the resource-based design process. It was critically important to follow a consistent, representational repertoire and to build a common understanding with both the information technology and information systems domains. Using sketch and bubble diagrams to describe conceptual ideas and organization of spatial relationships is a common practice by architects and designers. As such, at the beginning of this study, the researcher, whose background is in architecture and design, started to use the same approach to identify relationships and workflows between design processes. Later, and after feedback from experts in Business Information Technology (BIT), that approach revealed itself as insufficient and confusing. That discovery led to an extensive study of the available BIT modeling languages, understanding their advantages and capacities, then applying that modeling language into the research and the core work of this study. Fig. 5 shows an early attempt to model a proposed resource-based design scenario workflow. After carefully studying the available modeling languages such as UML, IDEF, and BPMN, we found that each has capabilities and limitations. We initially adopted the Unified Modeling Language (UML) in mapping the current traditional project delivery method (DBB) and the activity diagram of the proposed building material reuse workflow. However, after further investigations, other modeling languages, such as the Business Process Modeling Notation (BPMN) appeared to address critical details in the process. Literature suggests that process modeling should consist of static and dynamic elements. For static components of a system, especially the architecture and design of a system, there are design patterns (which later were extracted from the data collection phase). The dynamic aspects of a system are abstracted and captured as process patterns. Using patterns in the modeling of systems helps keep the process standardized, and more importantly, minimizes repetition in the system design. Events were used to communicate a relationship between a context, a problem, and a solution, and bring in and reuse the previous modeler experience. An example of mapping the flow of activities in the DBB process that typically includes a sequence of activities and processes is shown in a UML map of the Schematic Design phase (SD) (Fig 6) .
Unified Modeling Language (UML)
Initially, the author selected the UML language to map the current DBB project delivery method. UML is known as an easy language to understand; its activity diagrams are simple to learn and are similar to flowcharts (Rhem 2006) . UML activity diagrams are graphical representations of a workflow of stepwise events and actions with support for choice, iteration, and concurrency. Activity diagrams are also used to describe the business and operational step-by-step workflows of components in a system. The diagrams show the overall flow of control and are constructed from a limited repertoire of shapes connected with arrows, as shown in Fig. 6 . The most common representation symbols are rounded rectangles representing activities; diamonds representing decisions; bars representing the start (split) or end (join) of concurrent events; and arrows that run from the start toward the end, representing the order in which activities happen. Decisions are represented as "nodes" where each decision would have information inputs. Decision needs should be specified as alternatives, decision variables, Key Performance Indicators (KPIs), and parameters. The component of the decision model is beyond the scope of this study.
Business Process Modeling Notation (BPMN)
As the complexity of the process maps increased due to feedback from our research participants, a more detailed language was needed to address information such as responsible parties, reference maps, and phase identification. We found the Business Process Modeling and Notation (BPMN) language to be useful in revising the initial DBB design processes maps using UML. BPMN is a graphical representation for specifying business processes in a process model. BPMN language allowed us to include more details in modeling, such as project phase, responsible stakeholder, and a cross-referencing system similar to construction documents standards. In the revision of the workflow, a thorough review of all the boxes in the knowledge and data section was considered in a hierarchical structure. The specification of knowledge elements went from general to specific in a hierarchal method. A sample representation of a BPMN map can be seen in Fig. 7 , illustrating the SD phase. The new process maps developed would allow the project team to understand the overall resource-based design process, identify the information exchanges that will be shared among multiple stakeholders, and define the various processes to be performed. The use of process mapping standard language with BPMN allows the project team to effectively plan for reuse integration while keeping consistent representation for future implementation. These process maps will also serve as the basis for identifying other important implementation issues including contract structure, BMR deliverable requirements, information technology infrastructure, and the selection criteria for future team members. The process mapping procedure for the Building Materials Reuse is needed to understand the workflow of integrating the value to the traditional design process. Initially, an overview map representing the sequencing and interaction between the primary BMR phases on the project was developed. This allows all team members to understand how their work processes interact with the processes performed by other team members. After the overview map is developed, the team members responsible for each detailed BMR process are developed and presented as more detailed process maps. For example, the highlevel map will show how the DBB project delivery phases are sequenced and interrelated. A detailed map will show the detailed phase process that will be performed by a project stakeholder. A fully detailed and enlarged set of the developed BPMN maps is available from the author for testing. These maps could be used as templates by the project team in the early phases of project planning to identify activities, workflows, and decisions.
It is important to note that the development of the BIM Project Execution Planning Guide by the Pennsylvania State University was a major milestone in setting the standards for strategic planning by the project team in the early stages of design. This guide was a product of the BIM Project Execution Planning buildingSMART Alliance Project (CICRP 2010). The guide was developed to integrate BIM into the project delivery process effectively. The core modeling and information exchange concepts have been designed to complement the long-term goals of the bSA in the development of a standard that can be implemented throughout the AEC industry to improve the efficiency and effectiveness of BIM implementation on projects. The BIM Project Execution Planning Guide illustrated processes using BPMN, and was a major guide in the development of the new resource-based design process maps presented in this paper. By adopting the same modeling language and integrating the mapping of both processes, the project team can quickly identify the required data and information exchange.
BUILDING THE PROCESS MODELS
The proposed resource-based design process model is an effort to collect, organize and build relationships between activities, processes, knowledge, data, and information in a standardized workflow language from start to finish. The strategy for the appropriate use of the BPMN process models is based on the willingness of the project design team, in particular architects, to adopt a systematic approach to their traditional design process. This approach must incorporate the use of the BPMN maps as a set of blueprints in order to plug in roles, activities, and resources. Since the methodology of the mapping systems was based on a business information technology standardized language, translation to computer programming is easy to communicate with IT professionals.
The value-added component of resource reuse to the current DBB process required a seamless integration with the design process. The presented UML activity maps illustrate the captured knowledge from both literature and experts. Several project stakeholders and consultants are involved in the activities and processes related to design, demolition, and procurement. Some of the activities are performed concurrently and some, sequentially. The initial UML activity maps represented some of these relationships in the SD phase. The SD phase is presented on three detailed level maps based on the complexity of a project. First is Level 0, a traditional DBB process modified from UML to BPMN. Second is Level 1, with a new BPMN process, including preliminary resource reuse activities. Third, Level 2 has a new BPMN process, including detailed resource reuse processes ( Fig. 7 and 8) . The process maps were built using layers of information and decision processes. The previous UML activity maps represented some of these relationships in the SD phase. To structure the building material reuse workflow and matrix of relationships between processes, information, and resources, the author adopt a standard modeling procedure. For the purpose of this research, Unified Modeling Language (UML) was initially used and represented by activity diagrams (Ali and Badinelli 2016) .
Traditional DBB Schematic Design Process Level 0 (SD2a)
Traditionally, this phase includes developing several preliminary design iterations for review and selection. Some important activities take place here, such as reviewing the project program with the client, developing spatial relationships, providing preliminary design concepts, obtaining input from a landscape architect, presenting design ideas to the ENQUIRY | VOLUME 14 ISSUE 1 | 2017
http://www.arcc-journal.org/ client (concept floor plans, sections, elevations, 3D model), obtaining the client's review and input, and finalizing the schematic design deliverables. Also, a thorough study of zoning, building codes, and regulations is needed. The initial UML activity map was used to develop this level using BPMN after seeking input from the Delphi research focus group. The map addresses typical SD phase activities without incorporating resource reuse decisions.
Resource-Based Schematic Design Process Level 1 (SD2b)
This process starts with defining all influential aspects of the project design. Within this activity, the design team identifies if there are any existing structures on site and their potential for deconstruction, as well as materials that could be harvested. Additionally, part of the data gathered for this process includes an identification of available reclaimed materials within a reasonable proximity so that these can be priced and incorporated into the design. The recent demands on estimating an accurate project budget by the end of the SD phase has led to the selection of primary materials occurring earlier in the process.
Furthermore, design teams propose building systems at the end of the SD phase, since it is too late to expect systems and material discussions to happen during the design development (DD) phase. To achieve this, some architectural firms use a highly integrated method that allows them to typically meet several times during the SD phase with structural, MEP, and civil engineers; landscape architects; and other relevant parties. As a result, all material choices are made early in the process because they impact cost updates, thermal performance, and materials selection. According to the research focus group, Building Information Modeling (BIM) has been an effective medium to facilitate this integration (Fig. 7) .
Resource-Based Schematic Design Process Level 2 (SD2c)
At Level 2, the activities of the previous SD levels are expanded. At the information gathering stages, as shown in Fig. 8 , a list of potentially salvageable materials from existing on-site buildings is generated. To distinguish between functional reuse versus creative reuse, some of the materials are identified as "function constrained," for example, a set of windows of a particular size would require a specific layout for reuse. Other materials are "function flexible," meaning they can be used as finish materials or textures, with the expectation that dimensions can be modified as needed. Examples include doors used as paneling and lumber used as trim. During this phase, the design team also explores ideas for detailing material assemblies to allow for future disassembly. Some relevant reference information, such as the structure's historical context as it relates to surroundings, site, and region are included at the beginning of the process. This information underscores the importance of the in-depth knowledge of the social and economic history of any existing buildings scheduled for deconstruction. In that regard, and before reviewing the cost with the owner, a design alternative is introduced that may exceed the budget but would add significant value regarding preserving the project's character and authenticity. Some of the featured activities within the process include identifying potential material suppliers for reuse, generating several strategies for material reuse, explaining the benefits of resource reuse to the client, and adding to deliverables "target material reuse percentage."
Methodological Triangulation of Data and Information
Triangulation refers to the use of more than one approach to the investigation of a research question in order to enhance confidence in the findings. The term derives from surveying, where it refers to the use of a series of triangles to map out an area (Denzin 1978) . It is an analytical approach that integrates multiple data sources to improve the understanding of the research problem and to guide proposed decision-making to address such problems. Triangulation includes not only the comparison of different data sources, but also the use of different data gathering techniques and methods to investigate the same phenomenon. The three sources of data used in the investigation of this research are Literature Review, Case Studies, and Interviews. The qualitative nature of the research in the knowledge capturing process of the data collection was done to compare the results with other sources of data in the sense of triangulation and to carry out checks for reliability and consistency in findings. The qualitative content analysis of the faceto-face survey phase of the knowledge capturing process was used in conjunction with the online surveys and questionnaire to form a Delphi method of consensus with the expert panel. This was taken back to both the selected case studies and the scarce literature to form the grounded theory of the research. The following description is a result from the patterns developed from case studies analysis and the focus group whole text analysis.
• Early integration of BMR concept during pre-design or programing phase • Engage all project stakeholders in the process from the beginning • Flexible specifications to accommodate the lack of data, information, and uncertainties • On and off-site sourcing and vendors networking (Sourcing and VR)
• Flexibility in accepting wide ranges of appearance and availability by all stakeholders • Phasing and splitting contracts to clarify and define roles and responsibilities • Indirect matching of materials and components lead to creative design
• Mock ups and samples of materials are essential in making a decision during the design phase
CONCLUSION
The work presented in this paper is a significant step toward reducing the problem of waste in the building and construction industry. The proposed decision-support framework anticipates a significant societal contribution in reducing nearly 40% of the total solid waste stream. This paradigm shift requires changing the current traditional project delivery practice toward a circular economy approach. The lack of interest from the AEC industry to embrace resource-based design is due to the lack of structured information on material reuse. This obstacle can now be mitigated by our proposed dynamic knowledgebase and decisionsupport framework. Process modeling offers a clear and systematic methodology that makes design decisions less ambiguous and transfers the knowledge gathered for one project to the next without depending entirely on the tacit knowledge of the project's designers. A resourcebased design-bid-build approach can certainly benefit from the established information systems modeling language. The latter provides the backbone of the information flow to the architect and facilitates more focus on the creative aspects of design. A structured framework such as the one proposed in this study allows for the integration of dynamic decisions, which includes the specific parts, linkages, and networks of such a dynamic system. The resource-based design process, as a system approach, is inherently dynamic, although it is presented as a cause-effect relationship between activities, data, and processes.
The process mapping developed through this study attempted to reorganize the traditional design practice to support the resourcebased design approach. The support of the means oriented approach could only be achieved by translating the design processes into a structured workflow diagrams adopted from the Business Information Technology domain. Through the standardization of language, the integration of the resource reuse process into BIM becomes applicable. This paper demonstrated an example of mapping the SD phase of the DBB project delivery method in multiple layers of complexities. The hierarchy of systems helps in process disambiguation and synthesizes the architecture of complexity. The hope is that architects will find these structured process maps beneficial for streamlining the nearly limitless parts of the resource-based design process.
The study also addressed resource reuse challenges and opportunities, innovative tools, and resources availability, and identified strategies to utilize reused materials as a vehicle for creativity and sustainability. The key to growing resource reuse is building a greater awareness within the building and construction industry. Future research to extrapolate on this work suggests using the building material reuse knowledgebase to build a unified virtual repository database to be connected to all available physical repositories and share a unified standard of information. This virtual repository as suggested should be maintained by a national level organization such as the US BCSD or similar entity. Once the unified virtual repository is integrated with BIM, it can work as a feedback and feed forward support for architects and designers as they consider building material reuse in new designs and constructions.
